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Description
TECHNICAL FIELD

[0001] The present disclosure relates to medical de-
vices technical field. Particularly, it relates to a flexible
neuronal probe for optogenetic activation and neuronal
activity monitoring in an animal, through the fabrication
and integration of several optical and electrical compo-
nents. The present disclosure further relates to the probe
clinical use in the monitoring and diagnosis of several
pathological conditions associated with the neuronal sys-
tem.

BACKGROUND

[0002] Neuronal probes are currently the most used
medical devices in the study of the brain. The majority of
the neuronal probes can incorporate: microelectrodes,
for neuronal activity recording or stimulation, optical com-
ponents, for neuronal activity stimulation or inhibition us-
ing light, or optical components, for neuronal activity
reading and monitoring. The great advantage of devel-
oping a neuronal probe with electrical and optical inter-
actions is the possibility of obtaining devices with high
spatial and temporal resolutions.

[0003] Silicon (Si) is not a biocompatible material, but
it is one of the most used substrates for the implemen-
tation of neuronal probes. This leads to the necessity of
Sineuronal probes passivation with a biocompatible film,
before their insertion into the brain tissue. More recently,
there is a growing interest in using biocompatible poly-
mers as substrates for neuronal probes microfabrication,
as an alternative to Si. In addition, there are flexible pol-
ymeric based materials that can be used as neuronal
probes substrates. Specifically, polymers based on poly-
imides, dimethyl polysiloxane (PDMS), Parylene-C and
epoxy resins are the most used. The great advantage of
flexible substrates, compared with rigid ones as Si, is
their ability to adapt to the brain tissue micromotions and
plasticity, leading to the decrease of tissue damage and
improving the probe-brain interface. However, flexible
polymers can increase the difficulty of probe insertion in
the brain region of interest. To overcome this issue, there
are already some methodologies to temporarily increase
the probes rigidity, making easier their insertion.

[0004] Some of the neuronal probes with optical inter-
action incorporate waveguides for light delivering and
collection. The documents US20120287420A1,
US20150018901A1, WO2011068696A2 are examples
of this type of neuronal probes. Waveguides are optical
components that can be easily patterned in the neuronal
probes, even with reduced dimensions. However, neu-
ronal probes with waveguides present some disadvan-
tages comparing with the neuronal probes with light-emit-
ting diodes, since the neurons irradiation is not direct,
reducing the light intensity that reaches the neuronal
cells. This can be critical since optogenetic activation re-
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quires a minimum irradiation of 1 mW/mm?2. In addition,
using waveguides for light delivering and collection, the
light source and reading element must be outside of the
probe and perfectly aligned with the waveguide, to min-
imize optical losses.

[0005] The document US2014/0350375A1 describes
a neuronal probe implemented in a cylindrical substrate,
containing several microelectrodes and, at least, one
light emitting diode or photodiode. The probe diameter
is equal or less than 60 um, the microelectrodes have a
diameter of 5 um or less and the spatial resolution of the
probe is, at least, 75 um.

[0006] The document US2015/0148643A1 describes
a light-emitting medical device and its manufacturing
method for optogenetic applications. The medical device
can be a neuronal probe integrating, at least, one GaN
light-emitting diode, a detector and electrodes. This doc-
ument also mentions the use of a lens or another device
for collimation of the light emitted by the diode. The doc-
ument US2015/0148643A1 focuses mainly on the fabri-
cation of the light-emitting diode, without specifying the
electrodes and detector type, nor their implementation.
There is no specification in this document about the light
detection system of the neuronal probe.

[0007] The document US2018/0193663A1 describes
a neuronal probe for optogenetic stimulation and elec-
trochemical recording, using a set of light-emitting diodes
and carbon electrodes. The document focuses on the
distribution and implementation of the light-emitting di-
odes and electrodes along the probe structure. Thus, the
document does not reveal, and not even suggest, the
implementation of a light detection systemin the neuronal
probe for neuronal activity monitoring.

[0008] The document US2019/0053712A1 describes
an implantable medical device for optogenetic applica-
tions. The device contains a needle with light-emitting
diodes and a photodetector or photodiode. The optical
sources emit electromagnetic radiation (at 470 nm and
540 nm wavelengths) and the inorganic photodetector
measures the fluorescent light emitted by the target tis-
sue. The target tissues for this type of device are: brain,
heart, kidney, eyes, skin, etc. Moreover, the document
refers the presence of an optical filterin the photodetector
to increase the efficiency of the collecting signal, and the
use of polyimide as a substrate for the device fabrication.
[0009] Among the most recent technological advanc-
es, there is a previous study, S. Pimenta et al., "High
neural selectivity probe based on a Fabry-Perot optical
filter and a CMOS silicon photodiodes array at visible
wavelengths", Journal of Biomedical Optics 23 (10),
2018, which describes the design, fabrication and char-
acterization of a Fabry-Perot optical filter based on the
deposition of dielectric thin-films on top of a Si photodiode
matrix, integrated on a Si based neuronal probe. In-vitro
fluorescence experiments showed a good performance
of the set (optical filter and Si photodiode) in detecting
the fluorescent signal emitted by a molecule with peak
emission at ~ 570 nm.
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[0010] Despite all the studies and discussions, even
today there is a growing interest in new neuronal tech-
nologies, to increase the accuracy of the recorded data
and therefore improve the knowledge about the behavior
of neuronal circuits.

[0011] There are several neuronal devices for neuro-
nal activity stimulation and monitoring. However, analyz-
ing the state of the art, there is a clear drawback related
to the development of a flexible and small-scale device
with simplified implementation and a light detection sys-
tem with improved specificity and sensitivity. The light
detection system of the present disclosure will be capable
of enhancing the capacity of the neuronal probes to op-
tically monitor neuronal activity.

SUMMARY OF THE INVENTION

[0012] The present disclosure refers to a medical de-
vice for studies in the neuroscience field. More specifi-
cally, it refers to a neuronal device with high specificity
and sensitivity in the detection of the light emitted by the
neuronal tissue in an animal. The selected materials and
fabrication techniques allow a simplified and fast device
implementation. The present device is fabricated on a
flexible and photosensitive substrate, obtaining a small-
scale device for optogenetic applications and neuronal
activity monitoring. The flexibility of the device substrate
allows its suitability to the brain tissue micromotions,
leading to the decrease of the tissue damage and im-
proving the probe-brain interface. The substrate photo-
sensitivity allows the patterning of the device body and
its encapsulation only using photolithography, avoiding
the use of complex etching techniques. This invention is
related to the device clinical use for monitoring and di-
agnosis of several pathological conditions, such as de-
generative neurological diseases, headache, tremors,
depression, etc.

[0013] The presentdisclosure relates to a neuronal de-
vice implemented on a planar substrate, making easier
the patterning of the electrical and optical components
through microfabrication processes. Particularly, also re-
lates to the fabrication of a photodiode and optical filter
on its top, both based on the thin-films deposition.
[0014] The present disclosure, also relates to the use
of a specific type of polyimide, the photosensitive poly-
imide, as substrate for the device. Photosensitive poly-
imide makes easier the patterning of the device body and
its encapsulation, avoiding the use of complex etching
techniques, commonly used with conventional (non-pho-
tosensitive) polyimide.

[0015] In the present disclosure, the implementation
of a photodiode that could be fabricated only considering
different thicknesses and annealing conditions of a me-
tallic thin-film. The implementation of the photodiode
based on thin-films deposition, avoids the use of semi-
conductor doping techniques for the implementation of
Si based photodiodes.

[0016] It also relates to a highly selective optical filter
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(based on a Fabry-Perot structure), to increase the spe-
cificity and sensitivity of the light detection system of the
device.

[0017] The present disclosure relates to a neuronal
probe device for optogenetic and neuronal activity mon-
itoring in an animal, comprising:

a flexible and photosensitive substrate;

a photodiode for reading light emitted by excited tar-
get neurons;

wherein the photodiode comprises a deposited n-
type SnO,, thin-film and a deposited p-type SnO,thin-
film.

[0018] Inan embodiment, the photodiode further com-
prises a deposited amorphous Si (a-Si) thin-film in-be-
tween said SnO, thin-films.

[0019] Inanembodiment, the photodiode is obtainable
by thin-film deposition by thermal evaporation followed
by annealing of the SnO, thin-film to form the n-type SnO,,
thin-film with a thickness between 100 nm and 300 nm,
preferably annealing at a temperature between 330 °C
and 350 °C, for 2h, at a heating/cooling rate of 5 °C/min.
[0020] Inanembodiment, the photodiode is obtainable
by thin-film deposition by thermal evaporation followed
by annealing of the SnO, thin-film to form the p-type SnO,,
thin-film with a thickness between 500 nm and 700 nm,
preferably annealing at a temperature between 225 °C
and 250 °C, for 3h, at a heating/cooling rate of 5 °C/min.
[0021] Inanembodiment, the photodiode is for captur-
ing 570 nm wavelength light.

[0022] In an embodiment, the substrate is photosensi-
tive polyimide.

[0023] In an embodiment, the substrate is planar.
[0024] In an embodiment, de device further comprises

a Fabry-Perot thin-film multilayer optical filter arranged
on the photodiode for filtering the light emitted by the
excited target neurons, the filter comprising alternating
higher TiO, and lower SiO, refractive-index deposited
thin-films layers including a central resonance layer with
a thickness predetermined based on filter light-wave-
length to be transmitted.

[0025] Inanembodiment, the device further comprises
afirst light-emitting diode for photoexcitation of the target
neurons and a second light-emitting diode for excitation
of a fluorophore present in the target neurons, in partic-
ular the first light-emitting diode having 470 nm wave-
length and the second light-emitting diode has 540 nm
wavelength.

[0026] In an embodiment, the neuronal device further
comprises a polymeric micro-lens on a light-emitting di-
ode for collimating light, wherein the micro-lens is a mi-
cro-lens moulded with a polymeric micro-lens mould of
a same polymer as the micro-lens, in particular the pol-
ymer being dimethylpolysiloxane, PDMS.

[0027] In an embodiment, the polymeric micro-lens
mould is a photosensitive polymeric mould obtained us-
ing photolithography and thermal reflow.
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[0028] In an embodiment, the neuronal device further
comprises one or more microelectrodes for neuronal
electrical activity recording.

[0029] In an embodiment, the neuronal device further
comprises tracks and contact pads for reading and ac-
tuating optical and electrical components of the device.
[0030] In an embodiment, the microelectrodes, tracks
and contact pads are patterned by the photolithography
and deposition of thin-films.

[0031] Itisalsodisclosed the use of the neuronal probe
device described previously, for monitoring and diagno-
sis of pathological conditions selected from neurological
degenerative diseases selected from Alzheimer’s, Par-
kinson’s, amyotrophic lateral sclerosis (ALS), muscular
dystrophy, spinal muscularatrophy (SMA), headache,
migraine, tremor, depression, dementia, among others.
[0032] For a better understanding of the disclosure, it
should be noted that the neuronal device may also be
referred as neuronal probe.

BRIEF DESCRIPTION OF THE DRAWINGS

[0033] The following figures provide preferred embod-
iments for illustrating the disclosure and should not be
seen as limiting the scope of invention.

Figure 1 represents an embodiment of the structure
of the neuronal probe integrating several optical and
electrical components on a substrate 1, particularly
light-emitting diodes 2 with micro-lenses 3, photodi-
ode 4 with optical filter 5, microelectrodes 6, tracks
7 and contact pads 8.

Figure 2 represents a preferred embodiment of the
structure of the photodiode based on a p-n junction,
consisting of a n-type SnO, and a p-type SnO, thin-
films.

Figure 3 represents an embodiment of the structure
of the photodiode based on a p-i-n junction, consist-
ing of a n-type SnO,, a p-type SnO,,, and an amor-
phous Si (a-Si) thin-film as the intermediate layer (i).

Figure 4 represents an embodiment of the Fabry-
Perot structure of the optical filter on the top of the
photodiode, consisting of a thin-film multilayer of ti-
tanium dioxide (TiO,) and silicon dioxide (SiO,).

Figure 5 represents an embodiment of the three
main steps involved in the PDMS micro-lenses fab-
rication, which comprises the fabrication of: the pho-
tosensitive polymeric mould using photolithography
and thermal reflow; the PDMS mould based on the
first polymeric mould; and the PDMS micro-lenses
based on the second mould also in PDMS.
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DETAILED DESCRIPTION

[0034] The presentinventionrefers to a medical device
for studies in the neuroscience field. More specifically, it
refers to a neuronal device with high specificity and sen-
sitivity in the detection of the light emitted by the neuronal
tissue in an animal. The selected materials and fabrica-
tion techniques allow a simplified and fast device imple-
mentation, obtaining a neuronal device with high spatial
and temporal resolutions.

[0035] The present device is fabricated on a flexible
and photosensitive substrate, obtaining a small-scale de-
vice for optogenetic applications and neuronal activity
monitoring in an animal, through the fabrication and in-
tegration of several optical and electrical components.
[0036] Generally, for the optical components, the light-
emitting diodes promote the excitation of the target neu-
rons and the excitation of a fluorophore present in those
neurons, while the photodiode captures the light emitted
by the excited target neurons.

[0037] In an embodiment, the neuronal device dimen-
sions can vary between: 400-600 pm wide, 100-150 pum
thick and 6-8 mm needle length.

[0038] The substrate geometry was chosen consider-
ing the best interface to obtain the target information.
[0039] In an embodiment, the neuronal device
presents a planar geometry. Additionally, the substrate
must be biocompatible and biostable (mechanically and
chemically). Specifically, the substrate must not be able
to generate any type of cytotoxic, allergic, or immune
reaction to the animal, should not be harmful to enzymes,
cells, ortissues, must not contain mutagenic agents, neu-
ronal tissue should not generate encapsulation nor re-
jection, and should not be susceptible to biological fluids
or metabolic substances.

[0040] In an embodiment, the polymer used as a sub-
strate of the neuronal device is the photosensitive poly-
imide.

[0041] Inanotherembodimentthe photosensitive poly-
imide can be replaced with any other polymer that has
known adaptability to the microfabrication processes;
that presents a degree of mechanical flexibility compat-
ible with the animal movements; and that presents high
biocompatibility.

[0042] In an embodiment, the light-emitting diodes
have emission peaks at approximately 470 nm wave-
length for target neurons photostimulation, and at ap-
proximately 540 nm wavelength for excitation of a fluor-
ophore present in those neurons. If the target neurons
are photostimulated, the fluorescent signal emitted by
the fluorophore will have an emission peak at approxi-
mately 570 nm wavelength. The emitted fluorescent sig-
nal will be filtered and detected by the optical filter and
photodiode, respectively.

[0043] Particularly, the light-emitting diodes are inte-
grated into the neuronal device by permanent fixation
techniques, such as welding with solder paste. The top
surface of each light-emitting diode is equipped with at
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least one micro-lens, which is positioned for light colli-
mation. The light collimation can improve irradiation of
target neurons without increasing the energy consump-
tion of the light-emitting diodes, i.e., it can ensure the
irradiation of 1 mW/mm?2 for the optogenetic activation,
and at the same time minimize the temperature increase
(which is a critical factor for an implantable medical de-
vice).

[0044] The micro-lenses are fabricated by standard mi-
crofabrication techniques, such as photolithography,
thermal reflow, and polymers demoulding.

[0045] In an embodiment, the micro-lenses material is
a polymer with high transmittance in the visible region of
the electromagnetic spectrum.

[0046] The emitted fluorescent signal is collected with
a photodiode, which is fabricated by thin-films deposition
and annealing processes, forming a p-n junction or a p-
i-n junction. The used materials are tin (Sn) and a-Si.
[0047] The structure of the photodiode based on the
p-n junction starts with the deposition, by thermal evap-
oration, of a Sn thin-film, followed by the annealing of the
metallic thin-film to form the n-type SnO,, with athickness
between 100 nm and 300 nm, approximately. Preferably,
the annealing process is performed at a temperature be-
tween 330 °C and 350 °C, for 2h, at a heating/cooling
rate of 5 °C/min.

[0048] Then, a second Sn thin-film is deposited, again
by thermal evaporation, on the top of the n-type SnO,
thin-film. The resulting structure is subsequently an-
nealed at a temperature between 225 °C and 250 °C, for
3h, at a heating/cooling rate of 5 °C/min, allowing the
formation of a p-type SnO, thin-film with a thickness be-
tween 500 nm and 700 nm, approximately.

[0049] In an embodiment, the photodiode structure
based on a p-njunction comprises at least two thin-films,
an-type SnO, thin-film and a p-type SnO,, thin-film. How-
ever, the structure of the photodiode based on a p-i-n
junction, in addition to the n-type SnO, and p-type SnO,,
also includes the deposition of an intermediate thin-film
of a-Si, for the formation of the i layer of the p-i-n junction.
[0050] The p-i-njunction starts with the deposition, also
by thermal evaporation, of a Sn thin-film and subsequent
annealing of the metallic thin-film at a temperature be-
tween 330 °C and 350 °C, for 2h, at a heating/cooling
rate of 5 °C/min, forming the n-type SnO,, with a thick-
ness between 300 nm and 500 nm, approximately.
[0051] An expert will recognize that any substantial
variation in the annealing process conditions described
above will significantly affect the device efficiency but
these process conditions can be straightforwardly adjust-
ed by the skilled person using common general knowl-
edge in the field. For example, different annealing times
and temperatures can be adjusted, taking into consider-
ation that time and temperature are inversely proportion-
al.

[0052] Then, an a-Sithin-film with a thickness between
400 nm and 600 nm, approximately, is deposited on the
top of the n-type SnO,, using radiofrequency (RF) sput-
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tering, forming the i layer of the p-i-n junction.

[0053] Finally, a Sn thin-film is deposited, again by
thermal evaporation on the top of the a-Si thin-film. The
resultant structure is subsequently annealed at a tem-
perature between 225 °C and 250 °C, for 3h, at a heat-
ing/cooling rate of 5 °C/min, allowing the formation of a
p-type SnO, thin-film, with a thickness between 500 nm
and 700 nm, approximately.

[0054] The photodiode is equipped, on its top, with a
highly selective optical filter that allows to discard the
light emitted from the light-emitting diodes, and reading
only the fluorescent signal emitted by neuronal tissue.
The target neurons respond to the photostimulation, be-
ing possible to check its activation by measuring the in-
tensity of the fluorescent signal emitted by the tissue at
570 nm wavelength, approximately.

[0055] The optical filter is based on a Fabry-Perot
structure, implemented through the deposition, by RF
sputtering, of a thin-film multilayer, specifically dielectric
thin-films of TiO, and SiO,. In particular, the optical filter
is fabricated by alternating the deposition of high (TiO,)
and low (SiO,) refractive index thin-films. An expert rec-
ognizes that the number of layers of the optical filter is
defined according to a compromise between several fea-
tures: filter transmittance, filter selectivity and fabrication
process complexity.

[0056] The patterning of the microelectrodes, tracks
and contact pads is performed by photolithography and
metallic thin-films deposition. More specifically, Figure
1 shows a preferred embodiment of the device in which
the neuronal device comprises: a substrate 1; light-emit-
ting diodes 2; micro-lenses 3; photodiode 4; optical filter
5; microelectrodes 6; tracks 7; and contact pads 8.
[0057] In an embodiment, the device substrate 1 is a
photosensitive and flexible polyimide structure, with a
planar geometry, in which all the optical and electrical
components of the device are patterned using photoli-
thography and/or integrated into the substrate.

[0058] At the substrate 1, there are at least two light-
emitting diodes 2 equipped with micro-lenses 3, posi-
tioned on the top of each light-emitting diode. In a pre-
ferred embodiment, the micro-lenses 3 are fabricated in
dimethylpolysiloxane (PDMS), using photolithography
and thermal reflow of a thick and chemically amplified
photosensitive positive polymer, and PDMS demoulding
as shown in Figure 5.

[0059] In an embodiment, the photodiode structure 4
based on a p-n junction, as shown in Figure 2, is formed
by the deposition of at least two metallic thin-films of Sn,
using thermal evaporation. The annealing of the first Sn
thin-film to form the n-type SnO, occurs at a temperature
of approximately 330 °C, for 2h, at a heating/cooling rate
of 5 °C/min. The annealing of the final structure to form
the p-type SnO, thin-film, occurs at a temperature of ap-
proximately 250 °C, for 3h, at a heating/cooling rate of 5
°C/min. In one preferred embodiment, the n-type SnO,
thin-film has a thickness of approximately 150 nm and
the p-type SnO, thin-film a thickness of approximately
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500 nm.

[0060] In an embodiment, the photodiode structure 4
based on a p-i-njunction as shown in Figure 3, in addition
to the deposition of two Sn thin-films, by thermal evapo-
ration, also comprises the deposition of an a-Si thin-film,
by RF sputtering, for the formation of the i layer of the p-
i-n junction. In a preferred embodiment, this structure be-
gins with the deposition of a Sn thin-film and subsequent
annealing of the metallic thin-film at a temperature of ap-
proximately 330 °C, during 2h, at a heating/cooling rate
of 5 °C/min, forming a n-type SnO, thin-film, with a thick-
ness of approximately 400 nm. Subsequently, an a-Si
thin-film is deposited with a thickness of approximately
400 nm, forming the i layer of the p-i-n junction. Finally,
another Sn thin-film is deposited. The resulting structure
is subsequently annealed at a temperature of approxi-
mately 250 °C, during 3h, at a heating/cooling rate of 5
°C/min, allowing the formation of a p-type SnO, thin-film,
with a thickness of approximately 500 nm.

[0061] The opticalfilter 5 based on aFabry-Perotstruc-
ture, as shown in Figure 4 comprises an alternating thin-
film multilayer of dielectric thin-films of TiO, and SiO,,
which are arranged so that the central layer is the reso-
nance layer (with a thickness oriented to the filter trans-
mitted wavelength), and the remaining layers on each
side have symmetry in terms of thicknesses. In one pre-
ferred embodiment, the multilayer should contain, at
least, eleven thin-films, being the final number of layers
defined according to a compromise between several fea-
tures: filter transmittance, filter selectivity, and fabrication
process complexity.

[0062] The optical filter 5 gives to the photodiode 4 a
high selectivity and sensitivity to the fluorescent light
emitted by the tissue at 570 nm wavelength, approxi-
mately, discarding the light from the light-emitting diodes.
The deposition of the dielectric thin-films of the optical
filter is performed by RF sputtering.

[0063] The microelectrodes 6 are used for neuronal
electrical activity recording. The tracks 7 and the contact
pads 8 are used to read or actuate all the optical and
electrical components of the device. In a preferred em-
bodiment, the microelectrodes 6, tracks 7 and contact
pads 8 are patterned using photolithography, with a neg-
ative photosensitive polymer based on Novolac, and me-
tallic thin-films deposition of titanium (Ti), aluminum (Al)
and platinum (Pt). The Al and Ti thin-films are deposited
by electron beam (e-beam) and the Pt thin-films by direct
current (DC) sputtering. This metallic multilayer structure
ensures good conductivity for light-emitting diodes actu-
ation and neuronal signals recording.

[0064] In apreferred embodiment, the neuronal device
has the following dimensions, approximately: 400 um
wide, 100 pm thick and 8 mm needle length. With mini-
mized width and thickness, the brain tissue damage after
insertion of the probe is very low, considering that it is
also a flexible device. With a needle length maximized,
it is possible to study even the deepest regions of the
brain under analysis.
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[0065] Anotheraspectofthe presentdisclosure relates
to the use of the device in the monitoring and diagnosis
of several pathological conditions, such as: degenerative
neurological diseases such as Alzheimer’s, Parkinson’s,
multiple sclerosis, amyotrophic lateral sclerosis (ALS),
muscular dystrophy, spinal muscular atrophy (SMA),
headache, migraine, tremor, depression, dementia,
among others.

[0066] In an embodiment, a neuronal device for op-
togenetic applications and neuronal activity monitoring
in an animal, presenting the dimensions of, approximate-
ly, 400-600 pm width, 100-150 wm thickness, and 6-8
mm needle length comprises:

a. aflexible substrate 1, biocompatible and biostable;
b. light-emitting diodes 2;

c. micro-lenses 3;

d. photodiode 4;

e. optical filter 5;

f. microelectrodes 6;

g. tracks 7; and

h. contact pads 8.

[0067] In an embodiment, the neuronal device com-
prises a planar substrate 1 geometry, implemented with
a polymer.

[0068] In an embodiment, the neuronal device uses a
photosensitive polyimide as substrate.

[0069] In an embodiment, the neuronal device has, at
least, two commercial light-emitting diodes 2, one with
an emission peak around 470 nm for photostimulation of
target neurons, and another one with an emission peak
around 540 nm for excitation of a fluorophore, and by
having at least one micro-lens 3 of dimethylpolysiloxane
(PDMS) on the top surface of each light-emitting diode.
[0070] In an embodiment, the neuronal device has a
photodiode 4 for capturing the fluorescent light emitted
by the neuronal tissue at 570 nm wavelength, fabricated
by thin-films deposition, which can form a p-n junction or
a p-i-n junction based photodiode.

[0071] In an embodiment, the neuronal device uses
the tin (Sn) and amorphous silicon (a-Si) thin-films, de-
posited by thermal evaporation and radiofrequency (RF)
sputtering, respectively.

[0072] Inanembodiment,the p-njunctionis composed
by the deposition of a Sn thin-film, followed by the thin-
film annealing at a temperature between 330°C-350°C,
for 2h, at a heating/cooling rate of 5°C/min.

[0073] Inanembodiment,itisobtained afterannealing,
a n-type SnO, thin-film with a thickness between 100 nm
and 300 nm, approximately.

[0074] In an embodiment, the p-n junction comprise
the deposition of a second Sn thin-film on the top of the
n-type SnO, thin-film, followed by the annealing of the
resulting structure at a temperature between 225°C and
250°C, for 3 hours, at a heating/cooling rate of 5°C/min.
[0075] Inanembodiment,itisobtained afterannealing,
a p-type SnO, thin-film with a thickness between 500 nm
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and 700 nm, approximately.

[0076] In an embodiment, the p-i-n junction is com-
posed by the deposition of a Sn thin-film, followed by the
thin-film annealing at a temperature between 330°C and
350°C, for 2h, at a heating/cooling rate of 5°C/min.
[0077] Inanembodiment, itis obtained afterannealing,
a n-type SnO, thin-film with a thickness between 300 nm
and 500 nm, approximately.

[0078] In an embodiment, the p-i-n junction comprises
the deposition of an intermediate film of amorphous sili-
con (a-Si), on the top of the n-type SnO, thin-film, with a
thickness between 400 nm and 600 nm, approximately,
and the deposition of a second Sn thin-film, on the top
of the a-Si thin-film, and subsequent annealing of the
structure at a temperature between 225°C and 250°C,
for 3h, at a heating/cooling rate of 5°C/min.

[0079] Inanembodimentitis obtained after annealing,
a p-type SnO, thin-film with a thickness between 500 nm
and 700 nm, approximately.

[0080] Inanembodiment, the photodiode 4 comprises,
in its top surface, a Fabry-Perot optical filter 5 to discard
the light from the light-emitting diodes, and read only the
fluorescent signal emitted by the neuronal tissue.
[0081] In an embodiment, the microelectrodes 6,
tracks 7, and contact pads 8 are patterned with photoli-
thography, with a negative photosensitive polymer based
on Novolac, and thin-films deposition of titanium (Ti) and
aluminum (Al), deposited by electron beam (e-beam),
and platinum (Pt), deposited by direct current (DC) sput-
tering.

[0082] In an embodiment the neuronal device is used
for monitoring and diagnosis of several pathological con-
ditions, such as: neurological degenerative diseases
such as Alzheimer’s, Parkinson’s, amyotrophic lateral
sclerosis (ALS), muscular dystrophy, spinal muscular at-
rophy (SMA), headache, migraine, tremor, depression,
dementia, etc.

[0083] The disclosure should not be seen in any way
restricted to the embodiments described and a person
with ordinary skill in the art will foresee many possibilities
to modifications thereof. The above described embodi-
ments are combinable.

[0084] The following claims further set out particular
embodiments of the disclosure.

Claims

1. Neuronal probe device for optogenetic and neuronal
activity monitoring in an animal, comprising:

a flexible and photosensitive substrate;

a photodiode for reading light emitted by excited
target neurons;

wherein the photodiode comprises a deposited
n-type SnO, thin-film and a deposited p-type
SnO, thin-film.
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2.

10.

Neuronal device according to the previous claim
wherein the photodiode further comprises a depos-
ited amorphous Si (a-Si) thin-film in-between said
SnO, thin-films.

Neuronal device according to any of the previous
claims wherein the photodiode is obtainable by thin-
film deposition by thermal evaporation followed by
annealing of the SnO, thin-film to form the n-type
SnO, thin-film with a thickness between 100 nm and
300 nm, preferably annealing at a temperature be-
tween 330 °C and 350 °C, for 2h, at a heating/cooling
rate of 5 °C/min.

Neuronal device according to any of the previous
claims wherein the photodiode is obtainable by thin-
film deposition by thermal evaporation followed by
annealing of the SnO, thin-film to form the p-type
SnO, thin-film with a thickness between 500 nm and
700 nm, preferably annealing at a temperature be-
tween 225 °C and 250 °C, for 3h, at a heating/cooling
rate of 5 °C/min.

Neuronal device according to any of the previous
claims wherein the photodiode is for capturing 570
nm wavelength light.

Neuronal device according to any of the previous
claims wherein the substrate is photosensitive poly-
imide.

Neuronal device according to the previous claim,
wherein the substrate is planar.

Neuronal device according to any of the previous
claims further comprising an Fabry-Perot thin film
multilayer optical filter arranged on the photodiode
forfiltering the light emitted by the excited target neu-
rons, the filter comprising alternating higher TiO, and
lower SiO, refractive-index deposited thin-films lay-
ers including a central resonance layer with a thick-
ness predetermined based on filter light-wavelength
to be transmitted.

Neuronal device according to any of the previous
claims further comprising a first light-emitting diode
for photoexcitation of the target neurons and a sec-
ond light-emitting diode for excitation of a fluoro-
phore present in the target neurons, in particular the
first light-emitting diode having 470 nm wavelength
and the second light-emitting diode has 540 nm
wavelength.

Neuronal device according to any of the previous
claims further comprising a polymeric micro-lens on
a light-emitting diode for collimating light, wherein
the micro-lens is a micro-lens moulded with a poly-
meric micro-lens mould of a same polymer as the
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micro-lens, in particular the polymer being dimethyl-
polysiloxane, PDMS.

Neuronal device according to the previous claim
wherein the polymeric micro-lens mould is a photo-
sensitive polymeric mould obtained using photoli-
thography and thermal reflow.

Neuronal device according to any of the previous
claims further comprising one or more microelec-
trodes for neuronal electrical activity recording.

Neuronal device according to any of the previous
claims further comprising tracks and contact pads
for reading and actuating optical and electrical com-
ponents of the device.

Neuronal device according to claims 12 and 13
wherein the microelectrodes, tracks and contact
pads are patterned by the photolithography and dep-
osition of thin-films.

Use of the neuronal probe device according to claims
1 to 14, for monitoring and diagnosis of pathological
conditions selected from neurological degenerative
diseases selected from Alzheimer’s, Parkinson’s,
amyotrophic lateral sclerosis (ALS), muscular dys-
trophy, spinal muscular atrophy (SMA), headache,
migraine, tremor, depression, dementia, among oth-
ers.
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Fig. 1



EP 4 018 930 A1

p-type SnoO,

n-type Sno, Polyimide substrate

Fig. 2

Amorphous Si

p-type SnoO,

n-type SnoO, Polyimide substrate

Fig. 3

10



EP 4 018 930 A1

sio,

/ Tio,

%\\
\'p—n or p-i-n photodiode

Fig. 4

e S W e S

Photosensitive Photosensitive PDMS mold
polymeric mold after polymeric mold after
photolithography photolithography and
thermal reflow

PDMS lens

Fig. 5

1"



10

15

20

25

30

35

40

45

50

55

EP 4 018 930 A1

9

des

Europdisches
Patentamt

European
Patent Office

Office européen

brevets

EUROPEAN SEARCH REPORT

DOCUMENTS CONSIDERED TO BE RELEVANT

Application Number

EP 21 18 8953

Category

Citation of document with indication, where appropriate,
of relevant passages

Relevant
to claim

CLASSIFICATION OF THE
APPLICATION (IPC)

X

US 2016/066789 Al (ROGERS JOHN A [US] ET
AL) 10 March 2016 (2016-03-10)

* abstract; figures 1,29,30,59 *

* paragraphs [0186] - [0241] *

ESTEVES BRUNO ET AL: "SnOx and a-Si
thin-films based photodiode in a flexible
substrate for visible spectral region",
MATERIALS LETTERS, ELSEVIER, AMSTERDAM,
NL,

vol. 286, 25 December 2020 (2020-12-25),
XP086485732,

ISSN: 0167-577X, DOI:
10.1016/J.MATLET.2020.129251

[retrieved on 2020-12-25]

* Abstract; Introduction; Materials and
methods; Results and discussion;
Conclusions *

US 2013/123600 Al (TCHENG THOMAS K [US])
16 May 2013 (2013-05-16)

* paragraphs [0057] - [0187] *

1-14

1-14

INV.
A61B5/262
A61B5/00

A61B5/268

TECHNICAL FIELDS
SEARCHED  (IPC)

* abstract; figures 1-20 * A61B
2 The present search report has been drawn up for all claims
Place of search Date of completion of the search Examiner
3 The Hague 17 January 2022 Carta, Riccardo
g CATEGORY OF CITED DOCUMENTS T : theory or principle underlying the invention
b E : earlier patent document, but published on, or
b4 X : particularly relevant if taken alone after the filing date
[ Y : particularly relevant if combined with another D : document cited in the application
e document of the same category L : document cited for other reasons
Z Atechnological BACKGroUNd e e
Q@ O : non-written disclosure & : member of the same patent family, corresponding
o P :intermediate document document
o
w

12




10

15

20

25

30

35

40

45

50

55

EPO FORM P0459

EP 4 018 930 A1

ANNEX TO THE EUROPEAN SEARCH REPORT
ON EUROPEAN PATENT APPLICATION NO. EP 21 18 8953

This annex lists the patent family members relating to the patent documents cited in the above-mentioned European search report.
The members are as contained in the European Patent Office EDP file on
The European Patent Office is in no way liable for these particulars which are merely given for the purpose of information.

17-01-2022
Patent document Publication Patent family Publication

cited in search report date member(s) date

US 2016066789 Al 10-03-2016 uUs 2016066789 Al 10-03-2016
WO 2014126927 Al 21-08-2014

US 2013123600 Al 16-05-2013 uUs 2013123600 Al 16-05-2013
Us 2017238832 Al 24-08-2017
us 2019298211 Al 03-10-2019
uUs 2021259607 Al 26-08-2021

For more details about this annex : see Official Journal of the European Patent Office, No. 12/82

13



EP 4 018 930 A1
REFERENCES CITED IN THE DESCRIPTION
This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European

patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Patent documents cited in the description

* US 20120287420 A1 [0004] e US 20150148643 A1 [0006]
 US 20150018901 A1 [0004]  US 20180193663 A1 [0007]
* WO 2011068696 A2 [0004] * US 20190053712 A1 [0008]

* US 20140350375 A1 [0005]

Non-patent literature cited in the description

* 8. PIMENTA et al. High neural selectivity probe
based on a Fabry-Perot optical filter and a CMOS
silicon photodiodes array at visible wavelengths.
Journal of Biomedical Optics, 2018, vol. 23 (10 [0009]

14



	bibliography
	abstract
	description
	claims
	drawings
	search report
	cited references

